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The Temperate Highland Peat Swamps on Sandstone and the Montane Peatlands and 
Swamps of the New England Tableland are present throughout Penrose State Forest in the 
NSW Southern Highlands. These environments are currently the only known habitat to 
support the highly vulnerable species Eucalyptus Aquatica, which is restricted to these 
swampy environments.  
 
In this study, an extensive field survey covering 63 hectares was conducted across 
three swamps in Penrose State Forest (Hanging Rock Swamp, Stingray Swamp, Webbers 
Creek Swamp) in order to map the distribution of Eucalyptus aquatica, to determine its 
habitat requirements, and to estimate the species population abundance. Eucalyptus 
aquatica appears to have a clumped distribution across the swamps, which tends to cluster 
in the centre of the swamp and progressively declines towards the swamp margins. This 
distributional pattern appears to be associated with peat depth, with a significant 
relationship being found between increasing peat depth, and the probability of Eucalyptus 
aquatica being present. Stingray Swamp was found to support the largest proportion of the 
population with an estimated population abundance of 32, 411, whereas Hanging Rock 
Swamp and Webbers Creek Swamp had an estimated population abundance of 9, 643 and 
222 respectively.  
 
The findings of this study provide a whole new breadth of data that has not been 
previously available for this species, and sets a new starting point for future research and 
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1. Introduction  
1.1 Background  
Eucalypts are an iconic genus that dominate the Australian landscape. Eucalyptus 
aquatica (family Myrtaceae), is a highly restricted and vulnerable eucalypt which occupies 
a habitat that is very different to the eucalypts we are more commonly associated with.                
E. aquatica is currently only found to occupy Temperate Highland Peat Swamps on 
Sandstone and the Montane Peatlands and Swamps of the New England Tableland, which 
are present throughout Penrose State Forest, in the NSW Southern Highlands (Shepherd & 
Keyzer 2014). These habitats themselves are also listed as Endangered Ecological 
Communities under the Environmental Protection and Biodiversity Conservation Act 1999 
(EPBC Act) and the NSW Threatened Species Conservation Act 1995 (respectively). 
 
Although the species is listed as vulnerable under the EPBC Act (1999), there is 
very minimal information available regarding it, with only one published study by Shepherd 
& Keyzer (2014). Given the species current vulnerability status, it is very susceptible to a 
number of threats such as fire, habitat disturbance, weeds, hydrological change and climate 
change. There are currently a number of conservation management plans in place to 
minimise the impacts of these threats, however, due to minimal data being available further 
research is required to better understand the habitat requirements of this species in order to 
ensure the most effective conservation plans are in place. 
 
There are several ideas raised in the study by Shepherd & Keyzer (2014) which 
suggest factors that could be driving the distribution E. aquatica. This study analyses a 
number of these factors which include sediment depth, peat depth, surrounding land use, 
disturbances, and water quality, through field survey across three montane swamps 
(swamps with peaty sediments) in Penrose State Forest (Shepherd & Keyzer 2014; OEH 
2016c). Further ideas are also raised in this study regarding the potential influence of past 
climatic changes on the distribution of the current population, and what this may suggest for 
the future impacts of climate change upon E. aquatica.  
 
Swamps and peatlands are highly productive ecosystems, they play an important role 
in the carbon cycle, sustain high levels of ecological diversity, and provide habitat for many 
endemic and vulnerable species such as E. aquatica (Charman 2002; Rydin, Jeglum & 
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Hooijer 2006). Further research regarding the characteristics of these environments would 
assist in improving our understanding of the habitat requirements of E. aquatica and how 
we can best protect and manage this species. This study assesses factors which may be 
influencing the distribution of E. aquatica, and estimates its current population abundance 
within Penrose State Forest. The findings of this study may be used to assist in the planning 
of future conservation and management of the species and its surrounding habitat.  
 
1.2 Aims and Objectives 
The primary aim of this project is to map the occurrence of the Eucalyptus aquatica 
species across three swamps in Penrose State Forest, through the use of a combination of 
field observation and spatial data interpretation. Through field observations, this project 
also aims to estimate the population abundance of E. aquatica throughout the swamps of 
Penrose State Forest, and to determine its habitat requirements by identifying any abiotic or 
biotic factors which may be influencing the distribution of the species. 
 
In order to ensure these outcomes are achieved, there are several minor aims this 
project also addresses. These include an investigation of the historical land use, fire regime, 
geology and vegetation of the surrounding area, and an assessment of the Eucalypt genus in 
terms of their distribution, reproduction and adaptations. A theoretical study on swamp and 
peatland morphology and hydrology, an assessment of the current key threats impacting 
upon E. aquatica, and also provide recommendations on the future monitoring, conservation 
and management of the species. 
 
1.3 Project Outline 
This research project presents a review of the current literature in relation to the 
evolution, distribution and adaptations of Eucalypts and E. aquatica, the key threats 
impacting upon E. aquatica, conservation management plans that are currently in place, 
swamp and peatland morphology and hydrology, and the classification of Organosols 
(chapter two). Chapter three presents the setting of the study location, and includes a 
description on the current climate, geology, soil, vegetation and land use of the surrounding 
3 
 
area. Chapter four covers the methodology utilised for field, spatial and statistical analysis. 
Chapter five presents the results obtained from the analysis of the field and spatial data, and 
chapter six provides the discussion of these results, including the implications of these 
findings in relation to the management of E. aquatica, as well as addressing the limitations 
of this study. Lastly, chapter seven provides a summary of the key findings, and 
recommendations for future studies and the ongoing management and conservation of E. 
aquatica. 
 
2. A Review of the Eucalyptus Genus and the Influential Factors 
Acting Upon Swamp-Dependent Eucalypts 
2.1 Introduction 
The Eucalyptus tree is one of the iconic images that immediately comes to the minds 
of many people when they picture the harsh Australian environment. It is a unique group of 
plants that are also very adaptable, and have evolved to dominate many different 
environments across Australia. An image less often associated with eucalypts is them 
growing in waterlogged and swampy conditions, and being highly vulnerable to extinction, 
however, this is the reality for some species of eucalypt, in particular, Eucalyptus aquatica.  
 
The evolution, distribution and adaptations of Eucalypts and E. aquatica will be 
discussed in this chapter, along with the current threats impacting on their survival. A 
review of the swamp and peatland environments associated with E. aquatica will be 
addressed, with a greater focus on the adaptations that allow plants to survive in these 
conditions. 
 
2.2 The Eucalyptus Genus 
The Eucalypts dominate the Australian landscape, and comprise of over 700 
different species (Brooker & Kleinig 1999) that are well adapted to the unique demands of 
the Australian climate. The exact origins of where the eucalypts evolved from is not well 
understood, however, it is assumed that it successfully migrated and established in northern 
Australia prior to the separation of the continents, and is believed to have evolved from 
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relict rainforest species in response climatic and land changes (Brooker, Slee, Connors & 
Duffy 2002). 
 
The eucalypts also provide many valuable uses which have been used for centuries. 
In indigenous culture, the wood of the eucalypts was used to make shields, dishes, musical 
instruments, canoes and medicinal purposes (Australian Government 2015). Other uses 
include the production of eucalyptus oil, lowering of the water table to assist in salinity 
issues, and use within the construction industry for the building of houses, bridges, wharves, 
railway sleepers and many more (Australian Government 2015). 
 
2.2.1 Size, habitat and distribution 
With such a large species range, the eucalyptus genus has a very broad range of 
sizes. As a general perspective, sizes can range from low shrubs to very tall trees, Brooker 
& Kleinig (1999, p. 4) classify the tree sizes into 3 main categories for identification, small 
(≤10 m in high), medium (10 – 30 m high), and tall (>30 m high). 
 
Eucalypts also grow in a very diverse range of habitats, they are native to Australia, 
New Guinea and parts of Indonesia (BBC 2017), and are found to grow in habitats such as 
open forests, woodlands, mallee shrublands and cleared farmland (Brooker & Kleinig 
1999). 
 
2.2.2 Reproduction, seed dispersal and germination 
The eucalyptus flower bud contains male (pollen) and female (ovary/ovules) flower 
parts which allows the plant to reproduce sexually. In order to ensure genetic diversity, 
when the flower opens, self-fertilisation (Reece, Meyers, Urry, Cain, Wasserman, 
Minorsky, Jackson & Cooke 2011) is prevented by the pollen and ovules becoming fertile 
several days apart, which results in fertilisation occurring between different flowers on the 
same tree  (Brooker & Kleinig 1999). A fertilised flower will subsequently develop into a 
woody fruit (‘gumnut’), and the ovules become seeds (Brooker & Kleinig 1999). 
 
The eucalyptus plant produces numerous seeds which are primarily dispersed nearby 
by wind, birds, or simply fall to the ground below (Brooker & Kleinig 1999). When the 
correct moisture and temperature conditions occur, the seeds will germinate, during this 
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stage the seedlings are quite fragile, and often overlooked in the field due to their small size 
(Brooker & Kleinig 1999). 
 
2.2.3 Adaptations to harsh conditions 
Australia’s harsh climate produces an unfavourable environment for plant survival. 
A majority of the continent has poor soil quality, and is prone to long periods of drought 
and bushfire events. The eucalypt is a very adaptable plant which allows it to survive in 
such a harsh climate. Adaptations which allow the plant to survive during frequent drought 
events or areas with scarce water availability include the production of large amounts of 
sclerenchyma tissue (maintains cellular volume, leaves does not shrink without water), thick 
waxy cuticle (reduces water loss through evaporation), vertically hanging leaves (reduces 
exposed surface area) and stomatal control (regulates water loss through transpiration) 
(Moore 2013). 
 
Fires are a very common occurrence across the Australian landscape, and they can 
cause significant damage to vegetation communities (Heath, Chafer, Bishop & Van Ogtrop 
2016). Eucalypts possess a number of adaptations to allow them to survive these conditions, 
these include the ability to re-sprout quickly due to the presence of lignotubers (vegetative 
buds, present in a majority of eucalypts, which remain dormant and re-sprout upon the death 
of the plant stem, branch or trunk) (Heath et al. 2016), woody fruit (seeds within the woody 
fruit require the heat of a fire to open and release the seeds for germination), and leaves that 
contain highly volatile oils which encourage fires to ensure new seeds are germinated 
(Australian Government 2015). Those eucalypts that lack lignotubers tend to have thick 
bark that protects the stem buds from fire (Noble, Groves & Gill 1981). This bark requires 
three key properties in order for it to ensure the survival of the buds, these are thermal 
diffusivity (insulating capacity of the bark), thickness and flammability (Noble et al. 1981). 
 
2.3 Eucalypt Series Foveolatae: Swamp Gum Complex 
The eucalypt series Foveolatae, is more commonly known as the Swamp Gum 
Eucalypts, those that grow in swampy conditions (Rule 2012). This series contains 
numerous species such as E. brookeriana, E. strzeleckii, E. ovata, E. yarraensis, E. 
camphora, E. aquatica, E. barberi, E. cadens, E. aggregate, E. rodwayi, and E. macarthurii 
(Brooker & Kleinig 1999). Recently, a number of threatened eucalypts that are restricted to 
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small pockets within Victoria, were also discovered through extensive survey work, and 
have been added to this series (Rule 2012). These species are E. bunyip, E. conferta, E. 
carolaniae, E. yarriamblack, and E. aurifodina (Rule 2012). 
 
The eucalypt series Foveolatae is one of the least well understood eucalypts, and are 
unique in how they have continued to survive in a drying continent. Their affinity to grow 
in moist and swampy environments suggests that they are likely to be remnants of relict 
rainforest species from when Australia was a much wetter continent (Commonwealth 
Government of Australia 1999). 
 
2.3.1 Size and distribution 
The Foveolatae series has great variation in sizes between species, sizes often range 
between <10 m to 30 m in height at maturity (Brooker & Kleinig 1999). Most species are 
covered with smooth bark that tends to accumulate as loose strips or ribbons, and adult 
leaves are predominantly ovate to lanceolate shape (Rule 2012).  
 
This series is also broadly distributed across Australia, with species found to be 
growing in south-east Queensland, New South Wales, Victoria, south-east South Australia 
and Tasmania (Rule 2012).  
 
2.4 Eucalyptus Aquatica 
The E. aquatica species (family Myrtaceae) is a highly restricted and threatened 
plant. It is commonly known as Mountain Swamp Gum or Broad-leaved Salle, and is 
currently only found around Penrose State Forest, on the NSW Southern Highlands, in very 
patchy clumps throughout several swamps (Shepherd & Keyzer 2014). Due to such 
vulnerability and small population size, the species is also susceptible to a number of threats 
such as fire, habitat disturbance, weeds and hydrological change (Threatened Species 
Scientific Committee 2008).  
 
2.4.1 Taxonomic classification 
The taxonomic classification of E. aquatica has been disputed for some time. It was 
initially classified by Brooker & Kleinig (1999) as a sub-species of E. camphora, however, 
E. camphora differs from E. aquatica in several ways, it’s adult leaves are much longer, the 
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fruit clusters and stalks are not as thick, and its buds are pedicellate shaped (Johnson & Hill 
1990). It is now accepted as a separate species in the Australian Plant (CHAH 2015) based 
on the observations by Johnson & Hill (1990). 
 
2.4.2 Habitat, distribution, and size  
Eucalyptus aquatica is distinctively different from most eucalypt species; it grows in 
moist swampy conditions, with peaty and permanently waterlogged soils (Threatened 
Species Scientific Committee 2008). At present, E. aquatica is only known to be distributed 
throughout several Temperate Highland Peat Swamps on Sandstone in Penrose State Forest, 
these swamps include Hanging Rock Swamp, Stingray Swamp, (TSSC 2008) Webbers 
Creek and several other small swamps along the valley sides of the Paddy’s River 
(Shepherd & Keyzer 2014). A previous study by Shepherd & Keyzer (2014) noted that 
tends to grow in association with a number of sedge and shrub plants including the tussock 
sedge, button grass, pouched coral fern, prickly tea tree and blunt leafed tea tree. 
 
Eucalyptus aquatica is small in size for a eucalypt with an average adult height of up 
Fig. 2.4.1. Image of E. aquatica in good condition (image taken in the field 
from the Webbers Creek site). Condition of the tree is based on the 
percentage of canopy alive following Shepherd & Keyzer’s method (good = 
>75 %) (2014, p.66).  
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to 8m (TSSC 2008) (Fig. 2.4.1), although taller trees have been sighted. It is known to be 
either a single trunk tree, or mallee (multiple stems from the trunk), with smooth bark 
throughout that shreds in ribbon like form (Johnson & Hill 1990).  
The adult leaves are disjunct and tend to be elliptical, broad-lanceolate or ovate (Fig. 
2.4.2), and on average are 5 – 8 cm long, juvenile leaves are very similar in shape (Fig. 
2.4.2 & 2.4.3), being only slightly more elliptical in shape and around 5 cm long (Johnson 
& Hill 1990).  
 
The petioles (leaf stalks) of E. aquatica are quite short at just 9 – 15 mm long, with 
thick peduncles (flower buds, 2 -3 mm thick), and pedicels (stalks of fruit/flower clusters, 2 
Fig. 2.4.2. Illustrations of the adult leaf shapes that can be seen on E. aquatica (Costermans 2009, pp. 402-404). The 
elliptic shape (top left) appears broadest across the centre of the leaf, and narrow towards the ends, ovate shape 
(top right) is more oval in appearance, and the lanceolate (bottom left) shape tapers at each end, but is broadest at 
the base towards the petiole (Costermans 2009, pp. 402-404).  
Fig. 2.4.4. Image showing the turbinate shaped fruit clusters (left) and 
flower buds (right) of E. aquatica (Johnson & Hill 1991). 
Fig. 2.4.3. Image of E. aquatica 
juvenile leaves with the distinct 




mm thick) (Johnson & Hill 1990; TSSC 2008; Brooker & Kleinig 1999). The buds are 
turbinate or diamond shaped, held in clusters of seven, and the fruit is obconical shaped 
with the valves of the fruit sunken at the rim level (Fig. 2.4.4) (Johnson & Hill 1990; TSSC 
2008; Brooker & Kleinig 1999). 
 
2.4.3 Conservation status  
Eucalyptus aquatica is a highly threatened species due to its small population size and 
geographical restrictions, and is listed as vulnerable under the EPBC Act (1999) 
(Department of the Environment and Energy 2017c). Prior to the implementation of the 
EPBC Act it was also listed as vulnerable under schedule 1 of the Endangered Species 
Protection Act 1992 (TSSC 2008).  
 
2.4.4 Threats to the survival of E. aquatica 
There are a number of threats which impact upon the survival of E. aquatica; these 
include fire, habitat disturbance, weeds and hydrological change (TSSC 2008). The 
occurrence of high intensity, high frequency wildfires pose a large risk to the existence of E. 
aquatica (TSSC 2008), however, there is little data available which discusses exactly how 
frequently and how intense the fires are that occur throughout Penrose. It is known that in 
1939 and 1965 a large wildfire severely impacted the area, and in 1967, 1976 and 1982 
areas near Stingray Swamp were burnt for hazard reduction (Forestry Corporation). The 
current, most likely chance of fire that would impact on E. aquatica and other surrounding 
vegetation, would be likely to occur during periods of very dry conditions throughout the 
summer months, where the fire can destroy areas that otherwise may normally not being 
burnt, which serve as a refuge (Forestry Corporation). Therefore, it is important that 
controls are put in place to manage the risks of these types of wildfires.  
 
Habitat disturbance is one of the greatest risks to the survival of E. aquatica. The 
surrounding area experiences high levels of human disturbance due to the fact that it is an 
active pine plantation, with machinery and logging trucks regularly working within the area. 
The public also has access to use of the area for recreational activities such as camping, 
four-wheel driving, motorbike riding, and mountain bike riding events (Forestry 
Corporation). These types of disturbances often result in trees such as E. aquatica becoming 
trampled or damaged, and has “resulted in habitat fragmentation which has the potential to 
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limit gene flow between populations” (Forestry Corporation), reducing the ability of native 
flora such as E. aquatica to disperse, and increasing the chances of weed invasion (Forestry 
Corporation). 
 
With such a high level of disturbance throughout the area, invasive weeds also pose 
a significant threat to E. aquatica. The areas of native vegetation experience a number of 
weeds that outcompete with the native vegetation, the most dominant is the Pinus radiata 
wildings, caused by the surrounding pine plantations, other weeds include Blackberry, 
Japanese Honeysuckle, Yorkshire Fog, Spear Thistle, Moneterey Cypress, Catsear, and 
Creeping Ranunculus (Douglas & Robyn 2010). For several years there has been some 
weed removal and monitoring conducted, which has reduced the volume of the weed 
infestation, however, due to a lack of funding and governmental support this work is mostly 
carried out by local volunteer groups and further work is needed to establish and improve 
weed removal programmes (Douglas & Robyn 2010). 
 
2.4.5 Current conservation management plans 
Eucalyptus aquatica has long been listed as vulnerable under various environmental 
Acts, and there have been a number of plans developed to ensure actions are taken to aid in 
the recovery of the species. With the number of threatened species growing at an alarming 
rate, the NSW Government introduced a new plan in 2007 to keep up with the management 
requirements of these species (OEH 2017b). This plan is called the Saving Our Species 
Program, and is currently being conducted by the Office of Environment and Heritage 
(OEH 2017b). This program focuses on the management of threatened species and has six 
different management streams and (site-managed species, landscape-managed species, 
iconic specie, data-deficient species, partnership species, and keep watch species), one 
stream is allocated to a given species depending on its ecology, habitat, distribution, threats, 
and how much is known about their ecology (OEH 2017a). E. aquatica has been assigned to 
the site-managed species stream (OEH 2017a), due to it being located in an easily defined 
geographical area, this stream allows threats to be individually identified and managed, and 
to conduct management involving weeding, revegetation, monitoring, and site usage 





2.5 Swamps and Peatlands 
Swamps and peatlands are diverse and harsh environments, and are often overlooked 
by the everyday observer (Pemberton 2005). There are many terms used to describe these 
environments, and they have become interchangeable. The term swamp essentially 
describes an environment that has a permanently standing or flowing body of water, 
receives its water predominantly from external watercourses or groundwater flow and is 
surrounded forest (Charman 2002; Rydin et al. 2006). Peatlands, as the name suggests are 
dominated by peat, and are highly productive ecosystems. Peat is a substance that develops 
in situ from partially decayed plant and animal material that accumulates in anoxic (absence 
of oxygen), water-saturated conditions (Rydin et al. 2006). An environment is defined as 
being a peatland when it has a minimum depth of 30 - 40 cm of peat (depending on the type 
of classification system used), this depth can take a considerable amount of time to develop 
given that in temperate and tropical regions peat usually accumulates at a rate of 1 cm or 
greater every 10 years depending on conditions (Charman 2002; Rydin et al. 2006).  
 
Peatlands are also of high ecological and economical value. Ecologically, these 
environments play a key role in the carbon cycle, acting as a carbon sink storing up to a 
third of the global soil carbon, while only occupying 3 % of global land (Charman 2002; 
Rydin et al. 2006). They also provide habitat for unique, and often endemic organisms such 
as some species of Sphagnum mosses and carnivorous plants, act as water storage 
reservoirs, and can alter the water quality of catchment areas through increasing the acidity 
of water run-off, and adding or up-taking nutrients to/from run-off waters depending on 
how active the peat is accumulating (Charman 2002). Peatlands have long been exploited 
for their economic value as well, the peat itself can be used as a fuel for fire and electricity 
generation, it can also be used in horticulture as a soil conditioner, and can be easily cleared, 
drained and turned into land for agriculture and stock grazing (Charman 2002). 
 
The global distribution of peatlands is not accurately known, this is due to several 
reasons, some areas have had very comprehensive assessments performed, where others are 
reliant upon approximations, and the standards and definitions used to classify what a 
peatland is, are also different between countries, creating inconsistency between what land 
areas satisfy the criteria to be peatlands (Charman 2002). Despite these inconsistencies, we 
are able to see that some areas appear more dominant than others in terms of the percentage 
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of land area covered by peatlands, this division is clearly depicted in figure 2.5.1, where the 
Northern Hemisphere shows a clear dominance of land that is covered by peatland on a 
global basis (Charman 2002; Rydin et al. 2006, p. 231). 
 
The Australasian region includes Australia, Papua New Guinea, New Zealand, the 
south west Pacific Islands, Subantarctic Islands, New Caledonia, Fiji and the Solomon 
Islands (Fig. 2.5.2) (Whinam, Hope & Clarkson 2012).  
The peatlands throughout the Australasian region occupy a much smaller percentage 
of the global peatlands, however, some of the areas throughout this region are very locally 
extensive and differ significantly from the Northern Hemisphere “in terms of their 
vegetation, animal communities and peat stratigraphy” (Charman 2002). Vegetation 
throughout the Northern Hemisphere is dominated by Sphagnum on humic acid peats, 
whereas in Australia, due to moisture availability, Sphagnum occurs in very restricted areas 
at an altitude between 600 to 1000 m in the southern regions, and the peatlands are 
dominated by other species such as Restionaceae (perennial herbs), Cyperaceae (sedges), 
Myrtaceae (shrubs) and Ericaceae (heath shrubs) (Whinam et al. 2012). 
 
 




Many of the swamps and peatlands in Australia are listed under the Environmental 
Protection and Biodiversity Conservation Act 1999 (EPBC Act) as threatened ecological 
communities, also known as endangered ecological communities (EEC) (Department of 
Environment and Energy 2017b). These communities are listed as threatened when they are 
considered to be at a significant risk of extinction due to a decline in distribution, population 
and ecological function (change in community structure, habitat degradation or invasion of 
non-native species) (OEH 2017c). Areas of particular interest that have been listed as an 
EEC, are also the main habitat for where E. aquatica is distributed, these communities are 
known as the Temperate Highland Peat Swamps on Sandstone, and Montane Peatlands and 
Swamps (Department of Environment and Energy 2017d; OEH 2016c). These communities 
are currently very restricted to a few locations within NSW, and are highly vulnerable to a 





Fig. 2.5.2. Major Peatland distributions throughout the Australasian region (Whinam et al. 2012) 
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2.5.1 Temperate highland peat swamps on sandstone 
The Temperate Highland Peat Swamps on Sandstone are EEC’s distributed in 
fragmented patches throughout the Blue Mountains, Southern Tablelands and Highlands, 
and Bombala regions (Fig. 2.5.3), with a total combined land area of 3,000 hectares 
(Department of the Environment & Heritage 2005). These communities can occur as 
temporary or permanent swamps, and as the name suggests, they have a layer of peat which 
is deposited on top of sandstone bed material (Department of Environment and Energy 
2017c).  
 
The peat tends to have a moderate to high organic matter content, and ranges from depths of 
1 cm to 10 m across various sites (Department of Environment and Energy 2017c). This 
community is commonly surrounded by vegetation including sedges, many species of 
Sphagnum moss, emergent trees around the swamp margins, small shrubs, tussocks, herbs 






Fig. 2.5.3. Map showing the current known distribution of Temperate 
Highland Peat Swamps on Sandstone in Australia (Department of the 
Environment and Energy 2017). 
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2.5.2 Montane peatlands and swamps 
Montane Peatlands and swamps, also listed as EEC’s, are distributed in slightly 
larger pockets than Temperate Highland Peat Swamps throughout the New England 
Tableland, NSW North coast, Sydney Basin, South Eastern Highlands and Australian Alps 
bioregions (Fig. 2.5.4) (OEH 2016c). 
 
These environments are dominated by a dense groundcover of shrubs, sedges, many species 
of Sphagnum moss, and a variety of grasses and herbs (OEH 2016c; Whinam et al. 2012). 
Peat development varies, but it can be highly productive in some areas, forming up to 6m in 
3000 years in some cases (Hope 2003). It has been found to develop in catchment areas on a 
variety of different bed material including volcanic, sedimentary and granite (OEH 2016c), 
however, Hope (2003) found that it tends to develop best with granite parent material as this 
allows coarse sands to develop which act like aquifers (permeable rock that allows the 




Fig. 2.5.4. Map showing the Current known (sites coloured in pink) distribution 
of Montane Peatlands and Swamps in Australia (OEH 2016). 
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2.5.3 Hydrology of peatlands 
The hydrology of peatlands is a key component to understand as these ecosystems 
are very reliant on water, being composed of up to 90 % water (Pemberton 2005). The water 
balance in a peatland comprises of the influx (the input of water from precipitation and 
surface run-off), efflux (the discharge of water from the system by run-off, groundwater 
seepage, and evaporation) and overall water storage changes (Charman 2002). Within the 
system, the water can take a significant amount of time to move through the system, and 
varies depending on the hydraulic conductivity (size of pore spaces) of the peat (Charman 
2002). The rate of movement also varies depending whether it is above or below the water 
table, this is because the peat develops with two distinct layers (Fig. 2.5.5). 
 
There is an upper or near-surface aerobic (oxygenated) layer that is above the water 
table, also known as Acrotelm, and a deep anaerobic (oxygen depleted) layer below the 
water table known as Catotelm (Fig. 2.5.5) (Charman 2002; Rydin et al. 2006). The 
acrotelm layer is exposed to a range of environmental conditions, and  experiences 
fluctuations in the water table and moisture content, periodic aeration, a high rate of 
microbial activity, and a higher hydraulic conductivity rate allowing a faster rate of water 
movement (Charman 2002; Rydin et al. 2006). The catotelm layer is not affected by the 
water table, it has a constant moisture content with  very little microbial activity, and water 
movement is so slow that it is almost insignficant (Charman 2002; Rydin et al. 2006). The 
transition between the two layers is quite sharp, usually marked by a change in bulk density, 
Fig. 2.5.5. Acrotelm/catotelm model that shows the two distinct layers within a 
peatland (Rydin et al. 2006, p. 145). 
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and the root systems of plants within the swamp tend to only grow within the acrotelm layer 
where there is more nutrient and oxygen availability (Charman 2002). 
 
2.5.4 Plant adaptations to living in peatlands and swamps 
Peatlands and swamps are very harsh environments for plants to survive in, due to 
continuous waterlogging, low pH, low nutrient availability, and anoxic conditions 
(Charman 2002; Pemberton 2005). However, plants have evolved a number of structural, 
morphological and physiological adaptations that allow them to survive in such harsh 
conditions (Charman 2002). 
 
Adaptations that allow survival in waterlogged, anoxic conditions include 
adaptations to the root systems, such as developing aerenchyma, these act as air spaces 
throughout the plant root and stems to supply oxygen, the aerenchyma can occupy up to 60 
% of the root volume and allows plants to develop deep roots (Charman 2002; Rydin et al. 
2006). Some plants may also develop adventitous roots (roots that grow from an organ other 
than the root itself) on parts of the plant that are above water, or develop aeiral roots such as 
pneumatophores (more common in wetlands) (Charman 2002). Plants also try to avoid 
waterlogging by only having shallow root systems, or completely lack stomata (a pore 
within the leaf that controls gas exchange) (Charman 2002; Rydin et al. 2006). 
 
Adaptations to low nutrient availability involve conserving nutrients by having a 
slow growth rate, being perennial (lifecycle lasts more than one year) to ensure a large 
biomass can develop above and below ground over time, or by having a high growth rate to 
gain a competitive advantage (Charman 2002; Rydin et al. 2006). Some plants are also able 
to take up the different forms of nitrogen that others may not be able to use, while others 
develop a mutualisitc relationship between the plant roots and fungi, known as mycorrhiza, 
where the fungi benefits by receiving sugars from the product of the plants photosynthesis, 
and in return the fungi helps the plant to obtain extra nutrients such as nitrogen and 
phosphorous (Charman 2002; Rydin et al. 2006). Carnivorous plants are also common in 
peatlands, these plants develop traps that catch insects and digest them with enzymes to 
obtain their nutrients such as the Venus fly trap (Rydin et al. 2006). 
 
The Coniferous tree taxa is well known for its ability to adapt, and survive in bogs, 
peatlands and swamps throughout the Northern Hemisphere. One species in particular, the 
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Picea Mariana, also known as Black Spruce, is a conifer found thoughout boreal forests, 
swamps, bogs and peatlands across Northern America, Canada and Alaska (Viereck & 
Johnston 1990). This species has been found to posess a number of adaptations that allows 
it to survive in waterlogged and acidic soils. It has a shallow root system that grows 
laterally in the organic soil horizon above the water table, so it can avoid waterlogging 
conditions, and it also exploits mutualistic relationship of mycorrhiza to obtain its nutrients 
(Charman 2002; Ministry of Forests, Land and Natural Resources 2017). Black spruce is 
found to exhibit two forms of mycorrhiza, ectomycorrhiza and ectendomycorrhiza (Minore 
1979). Ectomycorrhiza occurs through the mycelium of the basidiomycetes fungi, where it 
causes excessive growth of the plants root tips, and is able to mobilise nitrogen for the plant 
to uptake, and ectendomycorrhiza, where the fungi develops an external hyphae mantle on 
the plant roots, and some hyphae also grow internally within the root cells, enabling 
transport of carbon, nitrogen and phosphorous (Thormann, Currah & Bayley 1999; Rydin et 
al. 2006). This species is also able to reproduce sexually, male and female flowers on the 
same tree fertilise to produce cones (monoecious), and asexually via vegetative 
reproduction, also known as layering, where new trees grow from branches as a result of 
lower branches being covered in snow, or as a means of out-competing mosses that would 
normally overgrow any seedlings (Viereck & Johnston 1990). 
 
2.6 Soil Classification 
Soils are a crucial parameter that control the growth and distribution of plants, and 
need to be considered when determining these controlling factors for any given species. 
There are many different soil types that exist and the classification process can become 
quite complicated if there is no standard classification system in place. Australia uses a 
hierarchal classification system in order to systematically identify the multiple soil types, 
the nomenclature follows the subsequent hierarchical structure, subgroup, great group, 
suborder, order and family, figure 2.6.1 shows a schematic summary of the soils 




A soil profile can be classified by four key steps, first, the written key to soil orders 
needs to be consulted (Appendix 1), and the first order in the key that most closely 
represents the soil being studied is chosen, the user then needs to confirm that the definition 
of the chosen order is correct to what is being studied by viewing the page referenced by the 
key (Appendix 1) (Isbell & National committee on Soil and Terrain 2016). To identify the 
suborders, great groups and subgroups, the user is to follow the keys on that same page 
relating to the soil order being studied based on a range of observed soil characteristics, 
family level is then lastly identified through reviewing the appropriate designations (Isbell 
& National committee on Soil and Terrain 2016). 
The advantages of using a hierarchical system as such, is it offers flexibility towards 
what level the soil is classified to, as well as allowing new classes to be added, however, the 
disadvantage is that soils become grouped into higher categories, resulting in a larger range 
of soils in a given group, and reducing the number of claims that can be made about each 
group (Isbell & National committee on Soil and Terrain 2016). 
Fig. 2.6.1. Schematic summary of the soils classification at the ‘orders’ level, adapted from Isbell & National 
committee on Soil and Terrain (2016, p. 9). 
Anthroposols • Human-made soils
Organosols • Organic soil material
Rudosols Negligible pedological organisation•
Tenosols • Weak Pedological organisation
Podosols • Bs, Bh, or Bhs horizons
Vertosols • Clay> 35 %, cracks, slickensides











• Lacking strong texture-contast
• calcareous throughout; high free iron B horizon; 





Organosols, also known as organic soils, are soils that are rich in organic material 
and are often very moist and peaty occurring in swampy conditions (Mckenzie, Jacquier, 
Isbell & Brown 2004). These soils are classified as being organic if they have more than 0.4 
m of organic materials within the upper 0.8 m of the soil, or have organic materials 
extending from the surface to a minimum depth of 0.1 m (Appendix 2) (Isbell et al. 2016).  
 
2.6.2 Distribution of organosols 
Organosols are very restricted in their distribution due to their need of moist 
conditions, since Australia is quite an arid continent, this has resulted in these soils only 
occurring in very constrained pockets throughout the continent (Mckenzie et al. 2004). The 
figure below (Fig. 2.6.2) shows where the soils are currently found, however, due to many 
of the individual areas being of such small size, they are not shown clearly on the map at a 
continental scale, however, it is known that organic soils are found along the coastal zone of 
Fig. 2.6.2. Distribution of Australia's Organosols (McKenzie et al. 2004, p. 289). 
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east-coast Australia, in drainage depressions in subalpine areas of south-eastern Australia, in 
the tropics of north Queensland, and south-western Tasmania (Mckenzie et al. 2004). 
 
2.6.3 Types of organosols 
Organosols are classified into several suborders, great groups and subgroups 
according to a number of characteristics. Following the classification key (Appendix 2) the 
soils are first classified into suborders based on the type of organic material it contains, 
either fibric, hemic, or sapric peats (Mckenzie et al. 2004). Fibric peats are soils that contain 
undecomposed or weakly decomposed organic material with identifiable plant remains, 
hemic peat contains moderately to well-decomposed organic material that has somewhat 
identifiable plant remains, and sapric peats are very well-decomposed with plant remains 
unidentifiable (Isbell et al. 2016). These suborders are then further separated into numerous 
great groups and subgroups based on various measured soil characteristics, which can be 

















3. Study Area 
3.1 Location 
The study area Penrose State Forest is a pine plantation located on the NSW 
Southern Highlands, south-west of Sydney (Fig. 3.1.1). 
Fig. 3.1.1. Map of the study area swamps within Penrose State Forest, NSW. 
Penrose State Forest, NSW, Study Area 
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There are several small surrounding towns in the area, with Moss Vale 20 km north-east, 
Penrose village 4 km south, and Marulan 26 km west. It is bound by the Hume Highway to 
the North, Paddy’s River Road to the south and south-west, Hanging Rock Swamp Road to 
the west and north-west, Old Argyle Road to the east and south-east, and Stingray Road to 
the north-east (Google Maps 2017). 
 
Within the study area there are three main swamps being studied for this project, 
these are Hanging Rock Swamp, Stingray Swamp and Webber’s Creek Swamp (Fig. 3.1.1). 
Hanging Rock Swamp flows in a curved manner from the north to the west, with an area of 
22.2 hectares Stingray Swamp is positioned in the north-east area of the study area within 
the flora reserve, with an area of 33.5 hectares and Webber’s Creek Swamp is 2 km south of 
Stingray Swamp with an area of 7.2 hectares. 
 
3.2 Climate 
Penrose State Forest has a temperate climate with warm summers and cool winters. 
The area experiences an average annual rainfall of 960 mm (based on readings taken over 
the period 1870 – 2017), a mean daily minimum temperature (Fig. 3.2.1) of 8.2 ̊ Celsius, 
and a mean daily maximum temperature (Fig. 3.2.2) of 18.9 ̊ Celsius (based on readings 
taken over the period 2001 – 2017) (BOM 2017a). Monthly average figures (Fig. 3.2.1) 
indicate that rainfall is highest from January to June, while rain is still experienced 
throughout other months, the lowest daily temperature recorded between 2001 and 2017 is -
6.3 ̊ Celsius, and the maximum 40  ̊Celsius (BOM 2017a).  
Fig. 3.2.1. Mean Monthly rainfall (mm) for the period 1870 to 2017 at Penrose State forest, readings are taken from the 
















Mean monthly rainfall (mm)
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Fig. 3.2.2. Mean daily minimum and maximum temperatures (  ̊C) for the period 2001 to 2017 at Penrose State forest, 
readings are taken from the Moss Vale weather station 23 km north- east of Penrose (BOM 2017a).  
 
3.3 Geology and Soils 
The geological characteristics and soils have not been studied extensively 
throughout Penrose Forest itself, however, there are geological surveys that cover the 
Southern Highlands region and the Sydney Basin which encompass Penrose. The Southern 
Highlands includes part of the Lachlan fold belt, which is comprised of a “complex series of 
metamorphosed Ordovician (488 – 443 MYA) to Devonian (416 – 359 MYA) sandstone, 
shales and volcanic rocks” (OEH 2016a). Penrose is dominated by Triassic formations (251 
– 199 MYA) of Hawkesbury Sandstone, part of the Sydney Basin, which overlie the 
Lachlan fold belt, comprising of with fine to coarse grained sand, and exhibiting sites of 
cross-bedding (OEH 2016b; Forestry Corporation; Shepherd & Keyzer 2014). 
 
The soils throughout the Southern Highlands vary “in relation to altitude, 
temperature and rainfall” (OEH 2016a), with soils on the dominating sandstone bedrock, 
tending to have “mottled red and yellow contrast, with red earths” (OEH 2016a). The soils 
surrounding the swamps are found to be sandy and shallow, and are slightly acidic with a 
pH range of 3.5 – 5.5 (Forestry Corporation). The peaty soils within the swamps are more 
alkaline with a pH of 6.0 – 6.5, they vary greatly in depths and have an occasional thin 
































The area hosts a broad range of native and non-native vegetation, the swamps are 
dominated by a variety of mosses, sedges, grasses, herbs, shrubs and scattered E. aquatica, 
while further away from the swamp margins dry sclerophyll forest is present with a number 
of species including E. dives, E. radiata, E. globoidea, E. sclerophyll, E. mannifera, E. 
macarthurii, E. viminalis, E. smithii and E. ovata (Forestry Corporation). The area is also 
surrounded by Pinus radiata, as part of an active pine plantation, and wilding pine trees are 
often found scattered close to swamp margins (Forestry Corporation). 
 
3.5 Land Use 
Existing land uses in the study area include the active pine plantation that covers a 
large portion of the area, it incurs frequent deforestation and afforestation of pine areas with 
the use of heavy machinery. The area is exposed to moderate usage by the public for 
activities such as mountain bike riding, four-wheel driving, motorbike riding, horse riding, 
camping, firewood collection and hunting (Forestry Corporation). Along the northern 
perimeter there are rural residential and agricultural properties, and to the south there is the 
small town of Penrose, generating a moderate volume of traffic at times travelling to and 
from these areas. There are also quarrying activities occurring in the north-west, adjacent to 
Hanging Rock Swamp.  
Stingray Swamp is part of a designated Flora Reserve, covering an area of 265 ha 
(Forestry Corporation). This area was dedicated as a Flora Reserve under the Forestry Act 
(1916), on the 7th November 1986, due to this area containing a high biodiversity of flora 
and fauna, many of which are listed as being vulnerable or endangered, and contains an area 
of Temperate Peat Swamp on Sandstone (Forestry Corporation). Being a flora reserve, a 
number of activities are restricted or prohibited within the area to ensure its protection, 
restricted activities include bush walking, mountain bike riding, and horse riding on existing 
tracks, controlled hazard reduction burning, scientific research, and animal pest and noxious 
weed control (Forestry Corporation). Activities prohibited include firewood collection and 
logging, vegetation clearing, stock grazing, driving, camping and motorbike riding (Forestry 
Corporation). However, with these restrictions in place, some of these activities still occur. 
Before the flora reserve was established, there was extensive clearing of native vegetation 
for agriculture around the perimeters, firewood collecting, and a pine plantation nursery, 
causing habitat fragmentation and introduction of weeds (Forestry Corporation).  
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4.  Methods 
This study aims to address a number of objectives in relation to the plant species E. 
aquatica. These objectives are achieved through a range of methodologies including field 
work, spatial analysis and statistical analysis, which will be subsequently discussed below. 
 
4.1 Field Study  
The field survey was conducted on the 89 randomly allocated sites (Fig. 4.1.1) from 
March to July using 20 m x 10 m quadrats. The sites were located by a Garmin GPS which 
was programmed with the allocated coordinates generated in ArcMap (Appendix 3). The 
quadrats were measured out using a 50 m tape measure, and positioned with the longest side 
(20 m) perpendicular to flow of the water, any trees that were on the boundary of the 
quadrat were counted as being part of that quadrat. A number of parameters were collected 
from each site and recorded on the field data sheet (Appendix 4), these include the presence 
or absence of E. aquatica, peat depth, total sediment depth (includes peat, sand, clay and 
any other sediments present), number of adults (height >1.5 m) and juveniles (height <1.5 
m), recruitment, tree height, tree DBH (diameter at breast height), condition of the tree, and 




Fig. 4.1.1. Map of the study area showing the locations of the randomly allocated study sites. 
Random sites within the study area 
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Peat and sediment depth is measured using a sediment probe (Fig. 4.1.2), the change 
in sediment type was determined by the sound and ease at which the probe was able to be 
pushed into the sediment. Peat is very smooth, and the probe glides through without much 
physical effort, whereas other sediments such as clay require greater physical effort, and the 
grains of sandy sediments can be heard as the probe passes through. At the point where peat 
is felt to end, the depth is recorded and the same is done for total sediment depth when the 
probe reaches refusal, or is unable to be physically pushed any further.  
 
The condition (health) of the tree was estimated visually by the observer based on 
the percentage of canopy alive following Shepherd & Keyzer’s (2014, p. 66) method, dead 
= 0 % canopy alive, poor = 1 – 40 %, moderate = 41-75 %, good = >75 %. Soil pH was 
recorded in the field only at sites where it was possible to obtain a sufficient sample (some 
sites are too inundated with water, or dense vegetation roots) using a home garden pH kit.  
 
Across the study area there are 9 sites which contain piezometers (Fig. 4.1.3), which 
were put in place by staff from the Office of Environment and Heritage in Wollongong. 
These instruments measure a range of water quality parameters including water 
Fig. 4.1.2. Image of the sediment probe used in this study. Image on the left shows a 1 m section of the 
probe (there are a total of four, 1m sections) with its handle, the image on the right is a close up of the 
probe showing the 100 mm measurement increments on the probe. 
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temperature, pH, suspended sediments, salinity and turbidity, and are located throughout the 
study area in sites with and without E. aquatica. 
 
4.2 Spatial Analysis  
Assessing the current known distribution of E. aquatica throughout the study area 
was undertaken through spatial analysis methods using the ArcMap 10.2 software program. 
This method utilised data on existing species records in the NSW Atlas, in combination 
with hand drawn maps and monitoring data of occupied areas of Webbers Creek swamp, 
collected in the study by Shepherd & Keyzer (2014), to create a series of map layers using 
satellite imagery from NSW Land and Property Information (Public Base Layer). Through 
the use of ArcMap editing tools, polygons were edited to map the swamp areas, and existing 
data was used to create a map layer to show sites where E. aquatica occupancy is present, 
absent, or unknown (occupancy uncertain due to lack of data) across the swamps within the 
study area.  
 
The random sites to be surveyed in the field study were allocated in ArcMap using 
this occupancy map. The method of randomly allocating the field sites could have been 
performed in a number of ways, taking into consideration that the distribution of the plant 
population is quite variable, there are clearly known areas of presence and absence, the size 
of the study area between swamps varies, and the species shows patterns of growth in 
Fig. 4.1.3. Image of one of the 9 piezometers located throughout the swamps within the study area. 
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clearly defined habitat features such as creeks and swamps, the stratified random sampling 
method is best suited to this study area (Elzinga, Salzer, Willoughby & Gibbs 2009). The 
stratified sampling method allows the study area to be divided into two or more sections, 
before sampling, the sampling sites can “be allocated equally to each stratum, in proportion 
to the size of each stratum, in proportion to the number of target individuals in each stratum, 
or in proportion to the amount of variability in each stratum” (Elzinga et al. 2009), allowing 
greater flexibility, and increasing the efficiency of sampling when the attribute of interest is 
highly variable. Using this sampling method, the random sites were allocated using the 
‘random points’ tool in ArcMap to allocate a total of 80 sites (Appendix 3) within the 
swamp areas, 35 sites were in areas of known occupancy, 35 in known unoccupied areas, 
and 10 in areas of unknown occupancy (Fig. 4.1.1). In addition to the 80 sites, the 9 
piezometers sites were included in the sites to be surveyed. 
 
To create the final maps, an excel spreadsheet of the compiled field data was added 
to ArcMap. This data included the coordinates of each site, and the point data was able to be 
displayed with all the collected variables. Mapping the distribution of E. aquatica using 
density classes was created by using the ‘select by attribute’ tool to break down the number 
of adults present throughout the sites into three classes, none, low or high. Mapping of the 
state forest boundary and surrounding vegetation type was again performed by using the 
‘select by attribute’ tool, this data was derived online from the Forestry Corporation (2017). 
Creating the density layers for peat depth, sediment depth and the adult population, based 
on the collected data, was done using the ‘kernel density’ tool. This method was chosen 
because it produced a smoother and visually appealing map. The cell size was set at 5, and 
the units were in kilometres squared for all maps produced. 
 
Part of the process for estimating the population abundance was done using ArcMap. 
The area of the sites occupied by E. aquatica for each swamp was calculated in ArcMap by 
adding a field to the attribute table and using the calculate geometry tool to calculate the 
area in hectares. Then, using Microsoft Excel, the average density of E. aquatica per 
quadrat was calculated for each swamp (number of E. aquatica present, divided by number 
of present quadrats), and the density per hectare was calculated from this value (average per 
quadrat * 50). The final population estimate is then derived by multiplying the density per 
hectare, by the total area of occupied sites, for each individual swamp. 
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4.3 Statistical Analysis  
To determine whether any statistically significant relationship is present in any of 
the variables collected across all three swamps, statistical analysis was under taken using 
the software program JMP 11. Two types of statistical analysis were suitable for the data 
available, a nominal logistic regression and a least squares model using T-tests. The 
assumptions of the logistic regression model are much more flexible, but the data was 
checked to ensure it meet these. These included that the data was randomly sampled, the 
sample size was large (>30 for each variable), there was little correlation between the 
independent variables, and that the dependent variable is coded accordingly, so the test 
assumes that the probability of E. aquatica being present is what we are testing, this is done 
by classifying absent sites as 1 and present sites as 0 (Agresti & Franklin 2013; Statistic 
Solutions 2017). The probability of E. aquatica being present as peat or sediment depth 
increases was tested using this method, with the probability of rejecting the null hypothesis 
being set at a power level of a = 0.05. 
 
The data was also checked to make sure it met the assumptions of the least squares 
model. These assumptions included checking for and excluding large outliers which may be 
influential and could cause misleading results (Agresti & Franklin 2013). Checking that the 
residuals are normally distributed by fitting a normal curve and performing a goodness-of-
fit test in JMP, also known as the Shapiro-Wilk W test (Heath et al. 2016). If samples were 
found to be non-normally distributed a transformation is to be appropriately applied 
depending on which way the data is skewed. All samples with a normal distribution were 
tested using a non-equal variance t-test, with the probability of rejecting the null hypothesis 
being set at a power level of a = 0.05. Tree height, tree DBH, tree condition, number of 
juveniles, recruitment and water quality parameters were all tested using this method. 
 
The least square means generated in JMP (in the least squares mean table) from 
statistically testing the water quality parameters, was used to present the averages of the 
water quality parameters for both March and September across present and absent sites. The 






5. Results  
5.1 Introduction 
This chapter provides a summary of the key statistical and spatial results for the field 
data collected in this study. This includes peat depth, sediment depth, tree height, tree DBH, 
tree condition, recruitment, and soil pH, which have been summarised for each swamp. The 
findings of the estimated population abundance, water quality, and spatial analysis are also 
presented. 
 
5.2 Distribution of E. aquatica 
To assess the distribution of E. aquatica, the total adult population surveyed was 
classified into 3 density classes (none, low (1-20), high (> 20)) using ArcMap, and was 
overlayed on the swamp and vegetation layers. The result of this classification produced a 
visual representation of the species distribution throughout the three swamps (Fig. 5.2.1), 
showing where sites of low and high density occur in relation to the surrounding vegetation 
type. Figure 5.2.1 shows in the upper areas of Hanging Rock Swamp there is no E. aquatica 
present, the middle of Hanging Rock contains the highest density, being surrounded 
predominately by native vegetation, and the lower areas of the swamp have a low density 




Fig. 5.2.1. Map of the study area showing the distribution of the adult population of E. aquatica. Population is 
classified into 3 density classes (none, low (1-20), high (> 20)), and overlayed on the vegetation layer (native or pine 
plantation) to show the relationship between higher population density and surrounding vegetation type. 
Distribution of E. aquatica within the study area 
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Stingray Swamp has the highest density of E. aquatica, with a majority of the 
population being distributed throughout the centre of the swamp surrounded by undisturbed 
native vegetation (Fig. 5.2.1). The tail ends of this swamp show a decreasing population 
density, transitioning from low to none, these areas are surrounded by thinning native 
vegetation and encroaching pine plantation. 
 
Webbers Creek Swamp covers a much smaller area, and therefore contained fewer 
sample sites, however, the spatial analysis shows that the area is predominately surrounded 
by pine plantation and has lower density of E. aquatica present (Fig. 5.2.1).  
 
5.3 Factors Influencing the Distribution of E. aquatica 
Several abiotic and biotic factors were surveyed to determine if any factors are 
influencing the distribution of E. aquatica, these include peat depth, sediment depth, tree 
height, tree DBH, tree condition, recruitment, and soil pH. These factors were statistically 
analysed against each swamp individually using the JMP programme, the results are 
discussed below. 
 
Peat and sediment depth are the two factors most likely to be associated, the 
correlation between these factors was analysed in JMP. Results showed that there is some 
correlation (𝑅2 = 0.46, R = 0.67) between sediment depth and peat depth, an increase in 
sediment depth shows a positive association with an increase in peat depth across all three 
swamps (Fig.5.3.1). 
Fig. 5.3.1. Positive correlation between sediment depth (cm) and peat depth(cm) (𝑅2 = 0.46). 
35 
 
5.3.1 Hanging Rock Swamp 
The total peat depth, and presence of E. aquatica recorded throughout the random 
quadrats in Hanging Rock swamp was analysed in JMP to test the probability of the species 
being present. Analysis showed that there is a statistically significant relationship between 
these factors, as peat depth increases, the probability of E. aquatica being present increases 
(𝑥2 = 21.60, p = <0.0001, a = 0.05). However, there is variability in the data (𝑅2 = 0.43), 
with only 43 % of the variability being explained by the data in this model. 
 
Analysis of the total sediment depth and the presence of E. aquatica showed that 
there is a statistically significant relationship between these two factors as well. It shows 
that as sediment depth increases, the probability of E. aquatica being present increases (𝑥2 
= 9.54, p = <0.0020, a = 0.05). However, there is a larger amount of variation in the data 
(𝑅2 = 0.19), with only 19 % of the variability being explained by the data in this model  
 
This significant relationship between the presence of E. aquatica and peat or 
sediment depth can be compared more easily in figure 5.3.2. The figure graphically presents 
the average peat and sediment depths for both sites where E. aquatica is present and absent, 
and shows that there is a greater peat and sediment depth in sites where E. aquatica is 
present. 
 
Analysis of the density of E. aquatica, as peat depth increases, found that there is no 
significant relationship between these factors (p = <0.363, a = 0.05), with the model 
containing a high level of variability in the data (𝑅2 = 0.059). 
 
Statistical analysis of the remaining variables collected showed that in Hanging 
Rock, in sites where E. aquatica is present, tree height, tree DBH, tree condition, number of 
juveniles and recruitment all had no statistically significant relationship (Appendix 7). Soil 
pH did not have a complete dataset across all sites and was not included in this analysis, 
however, a comparison of pH between Stingray and Hanging Rock for the data that is 





5.3.2 Stingray Swamp 
Analysis of the total peat depth, and presence of E. aquatica recorded throughout the 
random quadrats in Stingray Swamp showed that there is a statistically significant 
relationship between these two factors. It shows a similar trend to Hanging Rock; as peat 
depth increases, the probability of E. aquatica being present increases (𝑥2 = 6.05, p = 
<0.0139, a = 0.05). Again, there is a large amount of variability in the data (𝑅2 = 0.10), with 
only 10 % of the variability being explained by the data.  
 
Analysis of the total sediment depth against the probability of E. aquatica being 
present showed that there is no statistically significant relationship between these factors 
(𝑥2 = 3.52, p = <0.0608, a = 0.05), although the data still shows a trend of an increased 
probability of E. aquatica being present in deeper sediments. There is a very large amount 
of variation in the data (𝑅2 = 0.06), with only 6 % of the variability being explained by the 
data in this model. 
 
This significant relationship between the presence of E. aquatica and peat or 
sediment depth was again compared graphically (Fig. 5.3.3). The figure presents similar 





















findings to Hanging Rock, where in sites where greater peat and sediment depths occur, E. 
aquatica is present. 
 
Analysis of the density of E. aquatica, as peat depth increases, found that there is no 
significant relationship between these factors again (p = <0.261, a = 0.05), with the model 
containing a high level of variability in the data (𝑅2 = 0.052). Statistical analysis of the 
remaining variables in Stingray, in sites where E. aquatica is present, tree height, tree DBH, 
tree condition, number of juveniles and recruitment also all had no statistically significant 






























5.3.3 Webbers Creek Swamp 
Analysis of the total peat depth and sediment depth against the probability of E. 
aquatica being present in Webbers Creek showed that there is no statistically significant 
relationship between either peat depth (𝑥2 = 0.18, p = <0.675, a = 0.05) or sediment depth 
(𝑥2 = 0.86, p = <0.352, a = 0.05). However, the data still shows a trend of an increased 
probability of E. aquatica being present in deeper sediments (Fig. 5.3.4) There is again a 
very large amount of variation in the data for peat (𝑅2 = 0.02) and sediment (𝑅2 = 0.02). 
 
 
Analysis of the density of E. aquatica, as peat depth increases, found that there is no 
significant relationship between these factors as well (p = <0.512, a = 0.05), with the model 
again containing a high level of variability in the data (𝑅2 = 0.48). Statistical analysis of the 
remaining variables in Webbers Creek, in sites where E. aquatica is present, tree height, 
tree DBH, tree condition, number of juveniles and recruitment again all had no statistically 





























5.3.4 All swamps  
Further comparison of the main variable peat depth, which was found to have a 
significant relationship with the probability of E. aquatica being present, shows that on 
average, Stingray Swamp has the deepest peat depths (150 cm), followed by Hanging Rock 
(80 cm), then Webbers Creek (40 cm) (Fig. 5.3.5). 
 
Spatial analysis of the peat depth across all three swamps was also performed to 
visually present any patterns which may be occurring. The observed findings revealed that 
peat depths are at their greatest in the centre of the swamp, and become shallower towards 
the margins (Fig. 5.3.6). Spatial observations also show that Stingray has a broader spread 
of peat throughout the swamp compared to Hanging Rock and Webbers, and within 
Hanging Rock the deeper peat depths appear to be associated in the downstream locations 
of the swamp.  
 





Fig. 5.3.6. Map of the study area showing the changes in peat depth density, per square kilometre, across all three 
swamps. 
Peat depth across the study area 
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The average density of the adult population was also compared against each swamp 
(Fig. 5.3.7), and it reveals a similar pattern to peat depth (Fig. 5.3.5). Stingray swamp has 
the highest density, followed by Hanging Rock, then Webbers Creek (Fig. 5.3.7).  
 
 
Although there was no significant relationship found between an increase in the 
density of E. aquatica and peat depth across all three swamps, there is some pattern 
emerging that can be seen when the data is graphed. The data shows that there is some level 
of increase in density as peat depth increases (Fig. 5.3.8), although there is a large degree of 







Fig. 5.3.7. Comparison of the mean number of adult E. aquatica across all three surveyed swamps in 




5.4 Estimated Population Abundance 
The estimated population abundance of E. aquatica, derived from the field data, 
estimates that across the entire swamp study area, E. aquatica has a population of 45, 171. 
The population estimate for the individual swamps found that Stingray has the highest 
population estimate with 32,411, followed by Hanging Rock with 9, 643, and Webbers 
creek has the lowest with 222. 
 
5.5 Water Quality  
Recordings of the water quality parameters, which included water temperature, pH, 
suspended sediments, salinity and turbidity, were collected in March and September. The 
means of these parameters show that between both months pH experienced very little 
change, and suspended sediments and salinity decreased slightly over time in both present 
and absent sites (Table 5.5.1). Turbidity was excluded from this analysis due it being a 
highly variable parameter (can vary depending on how much the sampling probe disturbs 
the water and sediment when inserted). Statistical analysis of these parameters shows there 
Fig. 5.3.8. Comparison of the mean number of adult E. aquatica present, against increasing peat depth for 
all surveyed sites in the study area. 
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is no significant relationship between water quality and the presence of E. aquatica 
(Appendix 8).  
Table 5.5.1: Comparison of the mean water quality values against sites where E. aquatica is present or absent. Data was 
collected from the 9 piezometer sites during March & September. 
 E. aquatica 
Occupancy 
Temperature 






March Present 16.34 5.35 131.67 0.06 
 Absent 16.15 5.45 172.33 0.08 
September Present 10.54 5.55 89.00 0.03 
 Absent 8.37 5.47 103.67 0.04 
 
Comparison of the mean percent change in the water quality parameters collected in 
March and September, show that overall both sites with E. aquatica present and absent had 
a percentage decrease, and only pH had a slight increase (Fig. 5.5.1). The water quality 
parameters of absent sites have the greatest percentage decrease compared to present sites, 




















Percent Change in Water Quality Between March and 
September
Present Absent
Fig. 5.5.1. Shows the mean percent change (between March and September) in water quality parameters against 
sites where E. aquatica is present and absent. Data was collected from the 9 piezometer sites during March & 
September by Wollongong OEH. 
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6. Discussion of Results 
6.1 Introduction 
This chapter provides a discussion on the results provided in chapter five, and the 




Spatial analysis has become a commonly used tool in research, as it provides a 
means of visually representing the findings of a study and also provides additional 
observational patterns. In chapter 5.2, a map was produced from the findings of this study 
that shows the distribution of E. aquatica throughout the study area (Fig. 5.2.1), and is 
grouped into three density classes. This map also displays the distribution of the native 
vegetation and pine plantation areas, the areas of native vegetation are assumed in this study 
to be the least disturbed areas, and areas with pine plantation are exposed to higher levels of 
disturbance (Forestry Corporation).  
 
The spatial analysis in figure 5.2.1 reveals some of the distributional patterns that 
appear to be occurring across all three swamps. It appears that the higher densities of E. 
aquatica cluster in the centre of the swamps, and numbers decrease towards the swamp 
margins. It is also seen that the larger swamps, such as Stingray, contain a greater 
proportion of the high-density class, than compared to smaller swamps such as Hanging 
Rock and Webbers Creek. Merely through spatial observation, in swampy areas that are 
located more closely to pine plantations, E. aquatica tends to be much lower in abundance 
than compared to areas that are adjacent to native vegetation, suggesting E. aquatica may be 
responsive to, or affected by, some level of disturbance (Fig. 5.2.1). 
 
However, it is important to note the natural morphology and hydrology of swamps. 
Swamps follow a trend where the centre of the swamp tends to have higher water table 
levels, and greater sediment and peat depths, whereas the margins of the swamp have, 
shallower sediment and peat depths (Charman 2002; Pemberton 2005). This trend in peat 
and sediment depth is more likely to be a driving factor for these distributional patterns 
rather than surrounding vegetation type, which will be further discussed in the following 
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sections. The pattern of higher densities of E. aquatica clustering in Stingray swamp is 
likely to be due to two main factors. Firstly, Stingray swamp has a much larger area and 
available habitat to support the species, compared to the other two swamps. Secondly, it is 
located within a flora reserve, the area has been protected since 1986 and has experienced 
very little human disturbance (Forestry Corporation).  
 
Swamp dependent Eucalypts such as E. aquatica, are less well understood when it 
comes to influencing abiotic and biotic variables, this makes it much more difficult in 
determining which factors that may supporting or impeding the survival of the species. 
Statistical analysis of the field study revealed that there are significant relationships between 
peat depth, sediment depth and the probability of E. aquatica being present across the study 
area. Both Hanging Rock Swamp and Stingray Swamp show a statistically significant 
relationship occurs where, as peat depth increases, the probability of E. aquatica being 
present also increases (Fig. 5.3.2 & 5.3.3). Only Hanging Rock Swamp revealed a 
significant relationship between an increase in sediment depth, and an increase in the 
probability of E. aquatica being present.  
 
However, Webbers Creek Swamp showed no significant relationship with either 
peat or sediment depth and the probability of E. aquatica being present (Fig. 5.3.4). 
Although due to the study design, a majority of the randomly allocated sites for Webbers 
Creek happened to fall in sites where E. aquatica was absent, it also had fewer sample sites 
and this is likely to have resulted in an underestimation of the peat and sediment depths and 
provides a poor reflection of what is actually occurring at this site. It is important to note 
that there is some degree of correlation between peat depth and sediment depth (Fig. 5.3.1), 
and there is a high level of variability within the data, suggesting that there are other 
underlying factors that have not be measured.  
 
The remaining abiotic and biotic factors which were surveyed in sites where E. 
aquatica is present, tree height, tree DBH, tree condition, number of juveniles and 
recruitment, showed no significant relationship. However, visual comparison of these 
results still shows there is some level of difference between these variables across the 
swamps. Comparing the mean soil pH between Hanging Rock and Stingray (Appendix 6), it 
is found that Hanging Rock soils are more alkaline than Stingray (important to note that a 
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complete data set for this factor was unable to be obtained and there is a large variation 
within the data). This difference could be due to a number of factors such as being adjacent 
to sand mining, variation in ground or surface water flow, slight variations in the chemical 
properties of the surrounding bedrock and past exposure to wildfires. A possible reason for 
why none of the abiotic and biotic factors present a significant relationship with E. aquatica 
is that the species possesses some type of adaptation, most likely in its root system, which 
works quite effectively and allows it to survive in the anoxic, water-logged peats with 
minimal effects. There are many potential adaptations that the species may use, such as 
aerenchyma, adventitious roots, or a mutualistic relationship with mycorrhiza (Charman 
2002; Rydin et al. 2006). The root system of the species may also only grow to a certain 
depth within the peat, and grow horizontally in the acrotelm layer (Fig. 2.5.5) like the 
coniferous species Black Spruce (Viereck & Johnston 1990; Rydin et al. 2006). However, at 
the present time, due to lack of knowledge and information available in relation to this 
species, it is not known what exact adaptations this species possesses.  
 
Comparison of the mean surveyed peat depths across all three swamps is presented 
in figure 5.3.5. It shows that on average Stingray swamp has the deepest peat depths and 
Webbers Creek has the lowest, however, this variability between swamps can be understood 
more clearly when viewed spatially. Figure 5.3.6 shows that Stingray swamp is dominated 
by peat, it has the greatest peat depths throughout the centre of the swamp, and gradually 
thins towards the swamp margins. Hanging Rock is shallower, with a majority of the peat 
being located in the downstream section of the swamp, suggesting that this swamp may 
have a slightly faster flow rate up stream due to elevational differences, which is influencing 
sediment deposition rates. Webbers Creek is very shallow, with very little of the peat being 
able to be projected spatially. As mentioned in chapter 6.1, comparison of the variation in 
peat depth to the type of surrounding vegetation (Fig. 5.2.1) reveals that the swamps that are 
surrounded by larger areas of undisturbed, native vegetation tend to have greater peat 
depths. However, the trend in peat depth is more likely to be the influencing factor for these 
distributional patterns, as a significant relationship has been found between increasing peat 
depth and the probability of E. aquatica being present, and a pattern is also demonstrated in 
figure 5.3.8 where increasing density of E. aquatica occurs with increasing peat depth. 
 
These observations and patterns in summary show that Stingray swamp supports the 
largest proportion of the E. aquatica population, and Hanging Rock and Webbers swamp 
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support a much smaller proportion (Fig. 5.2.1). Features of Stingray swamp which appear to 
be favourable in supporting a larger population of E. aquatica and promoting recruitment 
include a greater average peat depth, a larger habitat area, and minimal levels of human 
disturbance to the surrounding area. However, the large degree of variation which exists in 
the results, suggests that this species does not only depend on these factors to survive, there 
must also be other underlying influencing factors.  
 
The presence of E. aquatica in areas that have lower peat depths, higher levels of 
disturbance and a smaller habitat range cannot be ignored. These trees may have established 
in these areas when peat depths were much greater, and erosion of the peat has occurred 
since (Shepherd & Keyzer 2014), this also suggests that this species has some level of 
tolerance to variation in its surrounding habitat, and it is able to survive in changing 
conditions once it has established. Another matter to consider is the effect of past climatic 
changes. Eucalypts are known to have evolved from relict rainforest species in response to 
climatic and land changes (Brooker et al. 2002), the current population we see today may be 
relic species of what was a much larger population when the continent was wetter and 
cooler (Shepherd & Keyzer 2014). It may be possible that small pockets of E. aquatica 
found in shallow peat and sediments, “represent a previously larger extent of the swamp” 
(Shepherd & Keyzer 2014, p. 69) that has since retreated during the drying of the continent. 
With consideration to the current likelihood of climate change and global warming, this is 
an important factor to take into account when planning the future conservation of this 
species. In future years the continent is likely to experience increased temperatures, reduced 
rainfall, further drying, and more extreme wildfires (Energy 2017a; NASA 2017), this 
would likely result in further retreating of the swamps and therefore, will reduce the 
available habitat area for E. aquatica and possibly cause a decline in its population. 
 
As previously discussed, E. aquatica is currently listed as vulnerable under the 
EPBC Act (1999), knowing its estimated population abundance is of great value for the 
planning and management of its conservation. The field sampling data obtained in this study 
was able to be used to estimate the population abundance of E. aquatica across the entire 
study area, and for each individual swamp. The findings revealed that Stingray Swamp has 
the largest estimated abundance, supporting 76.7% (32, 411) of the entire population, 
Hanging Rock supports 22.8 % (9, 643) of the population, and Webbers Creek supports the 
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remaining 0.5 % (222). These findings differ from the initial study performed by Shepherd 
& Keyzer (2014), which found Webbers Creek to have a population of 350 (difference 
likely due to this study having fewer sites allocated to Webbers Creek), and Stingray to 
have an estimated population of 750 – 1000 based on spatial mapping estimates. This 
estimate can be compared to the actual surveyed distribution of the adult population 
abundance, which is displayed spatially in figure 5.2.1. Comparison reveals that the 
estimated population abundance corresponds to the patterns seen in the surveyed data, 
which shows Stingray having the most populated area and Webbers Creek with the lowest, 
it also reveals that the more heavily populated areas occur in the centre of the swamp, which 
is associated with greater peat depths (Fig. 5.2.1 and 5.3.6). 
 
An additional factor to consider when reviewing these findings is the fire history of 
the area. Although data is lacking for the entire study area, it is known that around Stingray 
swamp several wildfires and hazard reduction burns occurred (Forestry Corporation), 
however, this area is still found to have the largest estimated population abundance. 
Although this swamp is located in a protected flora reserve, its ability to have the largest 
population after exposure to past fires suggests that the species possesses some of the 
adaptations which are unique to the Eucalyptus genus, and has some level of resilience to 
fire as long as it has time, and minimal levels of disturbance post fire to enable to recovery.  
 
The last set of abiotic variables measured were a range of water quality parameters, 
which were recorded from the nine sites that contained piezometers. The measurements 
were collected in March and September, and the main parameters that were statistically 
analysed included water temperature, pH, suspended sediments, and salinity. The findings 
showed that there was no significant relationship between any factors, however, slight 
patterns can be seen in the data. In both sites with E. aquatica present and absent, all 
variables except pH had a percentage decrease, with absent sites having a slightly higher 
percent change between the months. However, this change across all the water quality 
parameters is too insignificant to draw any conclusions towards whether it is influencing the 
distribution and abundance of E. aquatica. The actual changes in the parameters are quite 
small, and they may be due to climatic factors such as low rainfall, as 2017 has experienced 
below average rainfall throughout winter (BOM 2017b), or it could be due to change in the 
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seasons throughout the recording period, nevertheless, more long term monitoring data is 
needed before any further conclusions can be made.  
 
6.3  Limitations of the Study 
This study is the only other study apart from Shepherd & Keyzer’s (2014) paper that 
focuses on the E. aquatica species. As such, there are a number of limitations and 
assumptions that have been made, and need to be considered when reviewing the findings 
of this study.  
 
Firstly, one of the most influential limitations to consider is the availability of data 
and research relating to the species itself. Since this is the second study to be conducted in 
depth on E. aquatica, there is very limited data available concerning the ecology of the 
species itself; little is known about how it reproduces, whether it has mallee or a single 
trunk root system, or its adaptations that allow it to survive in the anoxic waterlogged soils. 
This lack of information makes it difficult when drawing conclusions towards how the 
surveyed variables may be influencing the growth and distribution of the species. Given that 
the species is presently only known to occupy areas of Penrose State Forest, site specific 
information regarding the fire history of the area and changes in land use would be very 
useful when considering how disturbance effects the species, but again data is lacking in 
this area, and general assumptions are made towards the level of disturbance that this area 
has experienced in the past. 
 
The process for how some of the measurements were conducted also restricts the 
quality of the data for several variables. The classification of the tree condition followed 
Shepherd & Keyzer’s (2014) method, which classifies the health of the tree based on the 
percentage of canopy of that is alive, provides a poor representation of the actual condition 
of the tree. The method ignores other factors of health such as if stems or branches are dead, 
if there is any evidence of disease or being eaten by insects, or when there is a lack of 
canopy to judge whether the leaves are in a good condition or not. Being unable to obtain a 
complete dataset for the soil pH due to a majority of the area being underwater, or surface 
vegetation and roots being too deep to penetrate without causing too much disturbance to 
the surrounding vegetation, prevented this variable from being able to be statistically 
analysed. Due to time constraints of this study, changes were made to the number of 
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samples that would be conducted in each quadrant using the sediment probe. The number of 
samples taken was changed from three, at 5 m intervals, to just one in the centre of the 
quadrant. This helped to speed up the field sampling process, to ensure such a large 
sampling area could be completed. 
 
The number of sites that were randomly allocated to each swamp depended on the 
area of the swamp, i.e. larger swamps were allocated more sites. However, this appeared to 
impact more heavily upon the swamp with the smallest area, Webbers Creek. The sites that 
happened to be allocated to Webbers Creek tended to fall more in areas where E. aquatica is 
absent, this resulted in the final results underestimating the actual population abundance of 
this particular area, and limited the reliability of the statistical analysis due to not having a 
large enough sample size for this swamp.  
 
Lastly, identification of E. aquatica in the field was based on visual observation, and 
although observations were made as accurate as possible, as with any field study, there will 
always be a certain degree of uncertainty due to human error. The lack of experience in the 
observer on identifying this species means that there may have been some level of 
misidentification of the species in this study, which needs to be considered when utilising 














7. Conclusion and Recommendations 
7.1 Conclusion 
The distribution and estimated population abundance of E. aquatica across Hanging 
Rock swamp, Stingray swamp and Webbers Creek swamp within Penrose State Forest, has 
been identified in this study. This study has found that E. aquatica is distributed throughout 
all three swamps, however, it predominately occupies Stingray swamp, with 76.7 % of the 
estimated population occurring in this swamp.  
 
This study also aimed to determine the habitat requirements of E. aquatica by 
identifying any abiotic or biotic factors which may be influencing the distribution of the 
species. A total of nine variables were field surveyed, however, only peat and sediment 
depths revealed a significant relationship, although the other remaining variables did reveal 
some patterns. The relationship between peat depth and the probability of E. aquatica being 
present was found to have a significant relationship in both Stingray and Hanging Rock 
swamp. It was found that as peat depth increases within the swamp, the probability of E. 
aquatica being present also increases. Comparison of this finding in conjunction with the 
map produced in figure 5.2.1, which shows the distribution and abundance of E. aquatica, 
supports this finding. Observational patterns in the map (Fig. 5.2.1) suggests that E. 
aquatica follows the natural trend in the swamps morphology and hydrology, the trees 
cluster in the centre of the swamp where the swamp naturally tends to have higher water 
table levels, and greater sediment and peat depths, and the population progressively 
decreases towards the swamp margins as the peat and sediment depths thin. 
 
As previously mentioned, Stingray swamp was found to support the largest 
proportion of the species population. This study has identified three features of this swamp 
which may be providing a more favourable habitat for E. aquatica. Firstly, it has a greater 
average peat depth across the swamp, the size of the swamp itself is much larger than the 
other two swamps, and it has experienced minimal levels of human disturbance to the 
surrounding area due to being located within a flora reserve. These findings may be useful 
in future planning regarding the conservation of this species; they may be taken into account 
when considering how to further protect the species current habitats, or protecting other 




Throughout the study it was noted that there was a large degree of variation within 
the data, however, this does not suggest that the findings of this study are unreliable, it 
merely suggests that there are further underlying variables influencing the distribution of E. 
aquatica which have not been measured in this study. This level of variation may 
discourage future conservation and management planning to consider the findings of this 
study when improving the conservation of E. aquatica, however, given that the species 
itself is also located within a habitat that is of high ecological value and is listed as an EEC, 
protection of these environments will subsequently assist with protection of E. aquatica.  
 
There is a paucity of data on E. aquatica, many unknown variables in regard to this 
species still remain, and further questions are raised as a result of this study, however, this 
should not diminish the significance of this study. This research provides a whole new 
breadth of data that has not been previously available for this species, and sets a new 
starting point for future research and improved conservation and management of E. 
aquatica. 
 
7.2 Recommendations and Further Research 
This study has identified several significant factors in regard to the habitat 
requirements of E. aquatica. However, it has also raised numerous questions which require 
further research in order to fully understand other influencing factors controlling its 
distribution, which will assist in the long-term conservation and management of this 
species. 
 
Firstly, in order to better understand the habitat requirements of E. aquatica further 
research is needed on the actual physiology of the species itself. Data is very lacking on 
how the species reproduces, what type of root system it has, and its longevity. This has 
resulted in many assumptions being made towards how it is interacting and surviving in its 
surrounding habitat, and hinders the ability to manage the species in the most effective way 
possible. 
 
Eucalyptus aquatica appears to be naturally restricted to swampy habitats (Shepherd 
& Keyzer 2014), given that these environments are heavily dependent upon hydrology 
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factors, further hydrological studies may highlight whether water and water flow variables 
are driving factors for the current distribution of E. aquatica (Shepherd & Keyzer 2014). 
 
The classification method used to determine the health of the tree, poorly reflected 
the actual health of the tree. This is because the method is very subjective, it determines the 
health of the tree based on the percentage of canopy cover that is alive, however, a large 
portion of the trees surveyed actually had very little canopy, or some had canopy in good 
condition but the actual trunk of the tree was in poor condition. This method for classifying 
the condition needs to be improved for future studies in order to provide a clearer picture on 
the actual condition of the population. Improvements could be made by taking into 
consideration the condition of the trunk and branches, presence of leaves, percentage of 
leaves alive, and any evidence or disease or insect attack. This improvement in the quality 
of the data could then allow it to be used in assisting the conservation of this species. 
 
Lastly, a method to test whether E. aquatica has the ability to survive in an extended 
habitat range is to perform a translocation or transplant experiment. This method involves 
introducing samples of the species, such as seedlings, to other locations outside of its known 
range which have a similar habitat and bio-climatic region, or re-introducing the species to 
an area that is part of its historically known range from which it is no longer found (Krebs 
2014; Service 2001). If the species is found to survive and successfully reproduce in 
locations outside of its known range, then it can be assumed that its actual habitat range can 
be extended to include these new locations (Krebs 2014). This will then suggest that the 
species has not occupied these potential habitats due to some physical barrier, or dispersal 
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Locations of the randomly allocated sites and piezometer sites. 
Number Status Easting Northing Number Status Easting Northing 
1 Occupied 245087 6161558 39 Occupied 241858 6163028 
2 Occupied 245061 6161573 48 Occupied 241976 6163121 
3 Unoccupied 244904 6161661 49 Occupied 246255 6163257 
4 Unoccupied 244951 6161743 50 Occupied 246357 6163277 
5 Unoccupied 244831 6161733 51 Occupied 241949 6163174 
6 Unoccupied 244649 6161789 52 Occupied 245599 6163040 
7 Unknown 245605 6162714 53 Occupied 246277 6163317 
8 Unknown 245564 6162713 54 Occupied 241932 6163213 
9 Unknown 245398 6162724 55 Occupied 246477 6163400 
10 Unknown 245218 6162759 56 Occupied 246538 6163456 
11 Unknown 242032 6163628 57 Occupied 246658 6163524 
12 Unknown 245114 6162798 58 Occupied 246654 6163588 
13 Unoccupied 241424 6162704 59 Occupied 246938 6163859 
14 Unknown 242087 6163731 60 Unknown 242099 6163739 
15 Occupied 241514 6162717 61 Occupied 247000 6163883 
16 Occupied 241300 6162720 62 Unoccupied 243851 6163877 
17 Occupied 241466 6162735 63 Unoccupied 246777 6163535 
18 Unknown 245506 6162878 64 Unoccupied 243587 6164011 
19 Unoccupied 241783 6162773 65 Unoccupied 243529 6164146 
20 Unoccupied 246491 6162981 66 Unoccupied 245576 6163216 
21 Unoccupied 246238 6162974 67 Unoccupied 242326 6164215 
22 Unoccupied 241203 6162836 68 Unoccupied 243447 6164256 
23 Unoccupied 245593 6162963 69 Unoccupied 242284 6164233 
24 Occupied 241745 6162859 70 Unoccupied 243322 6164288 
25 Occupied 241232 6162858 71 Unoccupied 242319 6164300 
26 Occupied 245572 6162981 72 Unoccupied 245718 6163095 
27 Unoccupied 246359 6163343 73 Unoccupied 243356 6164336 
28 Occupied 246164 6163028 74 Unoccupied 243087 6164337 
29 Unoccupied 246349 6163046 75 Unoccupied 242689 6164336 
31 Unoccupied 245853 6163055 76 Unoccupied 241598 6162748 
32 Occupied 246258 6163077 77 Unoccupied 241791 6162841 
33 Occupied 245802 6163066 78 Unoccupied 243435 6164414 
34 Unoccupied 246420 6163083 79 Unoccupied 243134 6164420 
35 Occupied 245481 6163252 80 Unknown 241947 6163385 
36 Occupied 246155 6163121 80 Unknown 241947 6163385 
37 Occupied 246333 6163141 80 Unknown 241947 6163385 
38 Occupied 245586 6163122 
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Number Status Easting Northing Location Description 
P1 Occupied 241326 6162720 Hanging Rock Swamp Lower 
P2 Occupied 242341 6163143 Aquatica Creek 
P3 Occupied 245063 6161616 Webbers creek Lower 
P4 Unoccupied 245042 6161690 Webbers creek Upper 
P5 Occupied 246757 6163604 Stingray Swamp Upper 
P6 Occupied 246527 6163080 Stingray Swamp Middle 
P7 Occupied 245852 6163045 Stingray Swamp lower 
P8 Unoccupied 243621 6163962 Hanging Rock Upper 
P9 Unoccupied 243158 6164345 Hanging Rock Middle 
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Quadrant 
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and datum:     





(cm)   Picture taken:  
Yes      /      
No   
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No   
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Comparison of the mean soil pH between Stingray Swamp and Hanging Rock Swamp. Only 
a few samples were able to be obtained throughout these swamps due to a majority of the 
area being underwater, or surface vegetation and roots being too deep to penetrate without 
causing too much disturbance to the surrounding vegetation. The few samples that were 
obtained show that Hanging Rock Swamp is more alkaline than Stingray. 
 
Appendix 7 
Statistic results for the standard least squares test conducted on the various parameters 
collected against peat depth (𝑎 = 0.05). 
 
Swamp Tree height Tree DBH # of Juveniles Recruitment 
Stingray 
P value 
0.9105 0.7994 0.4853 0.3323 
Hanging Rock 
P value 
0.3001 0.7004 0.4494 0.2200 
Webbers Creek 
P value 










Comparison of the number of sites with and without recruitment in Stingray 
Swamp. 










Comparison of the number of sites with and without recruitment in Hanging 
Rock Swamp. 
Comparison of the mean height of adult trees across Hanging Rock, Stingray and 








Statistic results for the t-test conducted on the March and September water quality data (𝑎 =
0.05). 
Month Statistic Temperature 








March P value 
(𝑝 > [𝑡]) 
0.6043 0.6630 0.1025 0.0884 0.4154 
 T - ratio -0.54859 0.461151 1.8916 1.98679 0.98859 
September P value 
(𝑝 > [𝑡]) 
0.1095 0.7727 0.5011 0.4128 0.7649 
 T - ratio -1.87633 -0.30425 0.7359 0.9045 -0.31179 
 
Comparison of the mean DBH of adult trees across Hanging Rock, Stingray and 
Webbers Creek Swamp. 
